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1
MAGNETIC RECORDING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2013-193469,
filed Sep. 18, 2013, the entire contents of which are incorpo-
rated herein by reference.

FIELD

Embodiments described herein relate generally to a mag-
netic recording apparatus employing a microwave assisted
magnetic recording.

BACKGROUND

As large-volume contents spread, demands have arisen for
increasing the capacity of a magnetic recording apparatus
such as a hard disk drive (HDD). Since the existing perpen-
dicular magnetic recording method cannot unlimitedly
increase the capacity, a recording method capable of further
increasing the capacity is being searched for. With this back-
ground, research and development have taken place on a
recording method called “microwave assisted magnetic
recording,” which utilizes a magnetic resonance phenomenon
in which a magnetic material resonates with a specific fre-
quency. Also, a multilayer recording technique which
increases the capacity of a magnetic recording apparatus by
multilayering a recording medium has been proposed.

A magnetic recording apparatus uses a perpendicular mag-
netic recording medium having a large magnetic anisotropy
constant Ku in order to prevent medium magnetization rever-
sal due to thermal fluctuation. To reverse the medium mag-
netization of a perpendicular magnetic recording medium
having a large magnetic anisotropy constant Ku, itis normally
necessary to apply a high write magnetic field. The micro-
wave assisted recording method involves resonating a mag-
netic recording medium by applying an oscillating magnetic
field (also referred to as a microwave magnetic field) near the
resonance frequency of the magnetic recording medium,
thereby making a desired medium magnetization in the mag-
netic recording medium readily reversible, and performing
magnetic recording. This makes it possible to reduce the
magnitude of a write magnetic field.

In the research and development of the microwave assisted
magnetic recording technique, a device using a spin torque
oscillator is attracting attention as a microwave source for
generating a microwave magnetic field. The spin torque oscil-
lator is formed by a magnetic multilayer film similar to a
GMR (Giant MagnetoResistance effect) element or TMR
(Tunnel MagnetoResistance effect) element. More specifi-
cally, the spin torque oscillator has a basic structure including
an oscillation layer in which magnetization can rotate, a
pinned layer in which magnetization is fixed, and a spacer
layer arranged between the oscillation layer and the pinned
layer. In the spin torque oscillator, magnetization in the oscil-
lation layer stationarily oscillates due to the spin transfer
effect between the oscillation layer and the pinned layer. An
oscillating magnetic field having a frequency of a few GHz to
a few ten GHz deriving from this magnetization oscillation is
generated near the spin torque oscillator. To extract an oscil-
lating magnetic field having a large amplitude suitable for the
microwave assisted recording technique from the spin torque
oscillator, it is necessary to increase the thickness of the
oscillation layer of the spin torque oscillator. However, the
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spin transfer effect is nonuniform in the thickness direction,
and this makes it difficult to uniformly oscillate the oscillation
layer having a large thickness.

The magnetic recording apparatus employing the micro-
wave assisted magnetic recording is required to be able to
apply a strong oscillating magnetic field in a write operation,
in order to increase the microwave assisting effect.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view schematically showing a mag-
netic recording apparatus according to the first embodiment;

FIG. 2 is a perspective view schematically showing the
magnetic recording apparatus according to the first embodi-
ment;

FIG. 3 is a perspective view schematically showing a mag-
netic recording apparatus according to the second embodi-
ment;

FIG. 4A is a sectional view schematically showing an
example of a spin torque oscillator portion shown in FIG. 3;

FIG. 4B is a sectional view schematically showing another
example of the spin torque oscillator portion shown in FIG. 3;

FIG. 5 is a perspective view schematically showing a part
of a magnetic recording apparatus according to the third
embodiment;

FIG. 6 is a perspective view schematically showing a part
of' a magnetic recording apparatus according to the fourth
embodiment;

FIG. 7 is a perspective view schematically showing an
example of a magnetic recording apparatus according to the
fifth embodiment;

FIG. 8is aperspective view schematically showing another
example of the magnetic recording apparatus according to the
fifth embodiment;

FIG. 9 is a sectional view schematically showing a mag-
netic recording apparatus according to the sixth embodiment;

FIG. 10 is a sectional view schematically showing an
example of a polarity-variable magnet shown in FIG. 9;

FIG. 11 is a sectional view schematically showing another
example of the polarity-variable magnet shown in FIG. 9;

FIG. 12 is a perspective view schematically showing still
another example of the polarity-variable magnet shown in
FIG. 9;

FIG. 13 is a sectional view schematically showing an
example of a write magnetic field source;

FIG. 14 is a perspective view schematically showing a
magnetic recording apparatus according to the seventh
embodiment;

FIG. 15 is a view for explaining an example of an operation
of reproducing data in the magnetic recording apparatus
shown in FIG. 1; and

FIG. 16 is a view for explaining another example of the
operation of reproducing data in the magnetic recording
apparatus shown in FIG. 1.

DETAILED DESCRIPTION

According to an embodiment, a magnetic recording appa-
ratus includes a spin torque oscillator, a recording medium
unit, a write magnetic field source, and a controller. The spin
torque oscillator generates a first oscillating magnetic field.
The recording medium unit includes one or more recording
medium layers which are stacked, each of the one or more
recording medium layers including a recording medium and
aplurality of spin-wave lines which are provided opposite the
recording medium and each of which generates a second
oscillating magnetic field. The write magnetic field source
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generates a write magnetic field. The controller is configured
to control the spin torque oscillator, the plurality of spin-wave
lines, and the write magnetic field source to simultaneously
apply the write magnetic field, the first oscillating magnetic
field, and the second oscillating magnetic field to target
medium magnetization in the recording medium on which
data is to be recorded.

Hereinafter, various embodiments will be described with
reference to the accompanying drawings. In the following
embodiments, like reference numerals denote like elements,
and a repetitive explanation will be omitted.

First Embodiment

FIG. 1 is a sectional view schematically showing a mag-
netic recording apparatus 100 according to the first embodi-
ment. FIG. 2 is a perspective view showing a part of the
magnetic recording apparatus 100. As shown in FIG. 1, the
magnetic recording apparatus 100 includes a spin torque
oscillator 110 and a recording medium unit 120.

The spin torque oscillator 110 includes a magnetic multi-
layer film 115. The magnetic multilayer film 115 includes a
first magnetic layer 111, a spacer layer 112 stacked on the first
magnetic layer 111, and a second magnetic layer 113 stacked
on the spacer layer 112. For example, the first magnetic layer
111 is a free layer (also referred to as an oscillation layer) in
which magnetization can rotate, and the second magnetic
layer 113 is a pinned layer in which magnetization is fixed.
The first and second magnetic layers 111 and 113 are made of
a metal ferromagnetic material, and are in-plane magnetiza-
tion films. Examples of the metal ferromagnetic material are
Ni (nickel), Co (cobalt), Fe (iron), and an alloy (e.g., FeNi
(permalloy), CoFe, or CoFeB) containing at least one of Ni,
Co, and Fe. The spacer layer 112 may be made of a nonmag-
netic metal such as Cu (copper), Ag (silver), or Ru (ruthe-
nium), or may be made of an insulating material such as MgO
(magnesium oxide) or AlO (aluminum oxide).

Note that the spin torque oscillator 110 is not limited to the
above-described examples, and may be a spin torque oscilla-
tor of any form. For example, both the first and second mag-
netic layers 111 and 113 may be free layers. Also, one or both
the first and second magnetic layers 111 and 113 may be
perpendicular magnetization films. The first and second mag-
netic layers 111 and 113 may be formed by a magnetic mul-
tilayer film including a ferromagnetic layer.

The spin torque oscillator 110 further includes a pair of
electrodes (not shown) for supplying an electric current to the
magnetic multilayer film 115 in, e.g., a direction perpendicu-
lar to the film plane of the magnetic multilayer film 115. In
this embodiment, the film plane corresponds to a plane per-
pendicular to the direction in which the first magnetic layer
111, spacer layer 112, and second magnetic layer 113 are
stacked. When a direct current is supplied to the magnetic
multilayer film 115, the spin torque oscillator 110 generates
an oscillating magnetic field 117. This direct current has a
current density higher than a threshold current density.

When a direct current is supplied to the spin torque oscil-
lator 110, magnetization 114 in the first magnetic layer 111
stationarily oscillates due to the spin transfer effect between
the first and second magnetic layers 111 and 113. More spe-
cifically, the electrons’ spins in the direct current are polar-
ized by magnetization in the second magnetic layer 113, and
the spin-polarized direct current acts on the magnetization
114 in the first magnetic layer 111, thereby inducing the
precession of the magnetization 114. The second magnetic
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layer 113 is also referred to as a polarizer layer because the
second magnetic layer 113 polarizes the electrons’ spins in
the direct current.

The oscillation frequency of the spin torque oscillator 110
corresponds to the oscillation frequency of the magnetization
114 in the first magnetic layer 111, and depends on, e.g., the
material, size, and thickness of the first magnetic layer 111,
the magnitude of an external magnetic field which acts on the
magnetization 114, and the magnitude of a direct current to be
applied to the magnetic multilayer film 115. By properly
adjusting these factors, the oscillation frequency of the spin
torque oscillator 110 can be set at an arbitrary value from a
few GHz to a few ten GHz. As the magnetization 114 oscil-
lates, the oscillating magnetic field 117 having a frequency (a
few GHz to a few ten GHz) corresponding to the oscillation
frequency of the spin torque oscillator 110 is generated near
it. This oscillating magnetic field is also referred to as a
high-frequency magnetic field or microwave magnetic field.

The magnetic recording apparatus 100 further includes a
spin torque oscillator driver 140 for operating the spin torque
oscillator 110. For example, the spin torque oscillator driver
140 controls an electric current to be supplied to the spin
torque oscillator 110 in order to generate the oscillating mag-
netic field 117. The spin torque oscillator driver 140 can also
control the position of the spin torque oscillator 110. The spin
torque oscillator driver 140 functions as a part of a recording
controller for controlling the process of magnetic recording.
In addition to the spin torque oscillator driver 140, the record-
ing controller includes a driver for operating spin-wave lines
123 (e.g., a spin-wave line driver/sinker 303 shown in FIG. 3,
or a transmission line driver/sinker 501 shown in FIG. 5), and
a driver for operating a write magnetic field source (e.g., a
spin-wave line driver/sinker 802 shown in FIG. 8 or a con-
troller shown in FIG. 9).

The recording medium unit 120 includes one or more
recording medium layers 121. In the example shown in FIG.
1, three recording medium layers, 121A,121B, and 121C, are
stacked. Since the recording medium layers 121A, 121B, and
121C have the same structure, letters (A, B, and C) attached to
the reference numerals will be omitted in the following expla-
nation except when it is necessary to distinguish between the
individual recording medium layers. FIG. 2 shows one
recording medium layer 121 (e.g., the recording medium
layer 121A), and does not show other recording medium
layers 121 (e.g., the recording medium layers 121B and
1210).

As shown in FIG. 2, the recording medium layer 121
includes a recording medium 122, and a plurality of spin-
wave lines 123 arranged opposite the recording medium 122.
In this embodiment, the plurality of spin-wave lines 123 are
provided parallel at equal intervals. Assuming that the side of
the spin torque oscillator 110 is “up” and the side of the
recording medium unit 120 is “down”, the vertical direction is
defined along the stacking direction in which the magnetic
medium layers 121A, 121B, and 121C are stacked. The stack-
ing direction corresponds to the direction perpendicular to a
magnetic film of the recording medium 122. The spin-wave
lines 123 need not always be arranged opposite the lower
surface of the recording medium 122 as shown in FIG. 2, and
may be arranged opposite the upper surface of the recording
medium 122.

The spin-wave line 123 generates an oscillating magnetic
field 127 when operated by a spin-wave generating element
not shown in FIGS. 1 and 2. More specifically, the spin-wave
generating element excites a spin wave in the spin-wave line
123, and the oscillating magnetic field 127 having a frequency
corresponding to the frequency of the excited spin wave is
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generated near it. Practical methods of exciting a spin wave in
the spin-wave line 123 will be explained in the second to
fourth embodiments.

The recording medium 122 includes a plurality of record-
ing bits. As an example, a plurality of tracks are formed on the
recording medium 122 in one-to-one correspondence with
the plurality of spin-wave lines 123, and recording bits are
arranged at equal intervals in each track. The recording
medium 122 of this embodiment is a perpendicular magnetic
recording medium in which the magnetization direction is
perpendicular to the magnetic film. The magnetization direc-
tion of a recording bit corresponds to data recorded in the
recording bit. For example, the magnetization direction of a
recording bit holding data “0” is upward, and the magnetiza-
tion direction of a recording bitholding data “1” is downward.
The magnetization of a recording bit will also be referred to as
medium magnetization hereinafter. Note that the recording
medium 122 is not limited to a perpendicular magnetic
recording medium, and may be an in-plane magnetic record-
ing medium in which the magnetization direction is parallel
to the magnetic film.

Recording media 122A, 122B, and 122C have different
magnetic resonance frequenciesf,, fz, and f.. Asan example,
these magnetic resonance frequencies are so set as to decrease
toward the recording medium 122 closest to the spin torque
oscillator 110, i.e., set such that f <fz<f_.

Note that the shape of the recording medium 122 is not
limited to a rectangular shape as shown in FIG. 2, and can be
any shape. For example, the recording medium 122 can have
acircular disk shape like that of the conventional HDD. In this
case, a plurality of annular tracks are formed on the recording
medium 122 along the radius direction from the center of the
recording medium 122, and a plurality of annular spin-wave
lines are provided opposite the recording medium 122.

When writing data to the recording medium 122 in the
magnetic recording apparatus 100, a write magnetic field
(also referred to as a recording magnetic field) 130 is applied
to the recording medium 122, and the spin torque oscillator
110 and the spin-wave line 123 are operated. “The spin torque
oscillator 110 is operated” means that the spin torque oscil-
lator 110 is oscillated by supplying a direct current to it. When
operated, the spin torque oscillator 110 generates the oscil-
lating magnetic field 117. Also, “the spin-wave line 123 is
operated” means that the spin-wave line 123 is caused to
excite a spin wave. When operated, the spin-wave line 123
generates the oscillating magnetic field 127.

In the recording medium 122, the microwave assisted mag-
netic recording technique is applied to a portion 132 where
the oscillating magnetic fields 117 and 127 superpose each
other. That is, in the portion 132 where the oscillating mag-
netic fields 117 and 127 superpose each other, an oscillating
magnetic field stronger than those in other portions is applied,
and the oscillating magnetic fields 117 and 127 assist the
reversal of medium magnetization by the write magnetic field
130.

In this embodiment, the medium magnetization has a coer-
cive force by which the magnetization does not reverse by
only the write magnetic field 130, so that the medium mag-
netization positioned in the superposing portion 132 of the
two oscillating magnetic fields 117 and 127 locally reverses.
Furthermore, the microwave assisting effect does not appear
by only one of the oscillating magnetic field 117 from the spin
torque oscillator 110 and the oscillating magnetic field 127
from the spin-wave line 123. The magnetic recording appa-
ratus 100 of this embodiment includes two oscillating mag-
netic field sources (also referred to as assist sources), i.e., the
spin torque oscillator 110 and the spin-wave line 123, and the
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6

oscillating magnetic fields from these oscillating magnetic
field sources are simultaneously (superposedly) applied. This
makes it possible to apply a strong oscillating magnetic field
to a target medium magnetization on which data is to be
recorded. Accordingly, a high microwave assisting effect is
obtained.

Next, an operation of writing data to a recording bit 125B
of the recording medium layer 121B shown in FIG. 1 will be
explained as a practical example. A recording bit (in this
example, the recording bit 125B) to which data is to be written
will be called a target recording bit. In this write operation, the
write magnetic field 130 is applied to the target recording bit
125B, and the spin torque oscillator 110 and at least one of the
plurality of spin-wave lines 123B corresponding to the
recording medium 122B are operated. The spin torque oscil-
lator 110 moves relative to the recording medium unit 120 so
that the target recording bit 125B is positioned in the portion
132 where the oscillating magnetic field 117 from the spin
torque oscillator 110 and the oscillating magnetic field 127
from the spin-wave line 123B superpose each other. More
specifically, the spin torque oscillator 110 moves to be posi-
tioned above the target recording bit 125B. Thus, the write
magnetic field 130, the oscillating magnetic field 117 from
the spin torque oscillator 110, and the oscillating magnetic
field 127 from the spin-wave line 123B are applied to the
target recording bit 125B. Consequently, the magnetization
of the target recording bit 125B can selectively be reversed.
The direction of the write magnetic field 130 is determined in
accordance with write data. For example, the direction of the
write magnetic field 130 is set upward when writing data “0”,
and set downward when writing data “1”.

To efficiently use the microwave assisting effect, it is desir-
able to set the frequencies of the oscillating magnetic fields
117 and 127 near the magnetic resonance frequency of the
recording medium 122 to which data is to be written. For
example, when the frequencies of the oscillating magnetic
fields 117 and 127 are set near the magnetic resonance fre-
quency f; of the recording medium 122B, magnetic reso-
nance occurs between the target recording bit 125B and the
oscillating magnetic fields 117 and 127. This facilitates
reversing the magnetization of the target recording bit 125B.

As described above, in the magnetic recording apparatus
according to the first embodiment, the oscillating magnetic
field from the spin torque oscillator and the oscillating mag-
netic field from at least one spin-wave line are applied,
thereby magnetically resonating the medium magnetization
positioned in the portion where these oscillating magnetic
fields superpose each other. This facilitates local reversal of
the medium magnetization. Data can be written to the
medium magnetization by applying the write magnetic field
together with these oscillating magnetic fields.

Second Embodiment

In the second embodiment, an example of a method of
exciting a spin wave in a spin-wave line will be explained.

FIG. 3 schematically shows a magnetic recording appara-
tus 300 according to the second embodiment. The magnetic
recording apparatus 300 shown in FIG. 3 includes a spin
torque oscillator 110, and a recording medium unit 120 in
which one or more recording medium layers 121 are stacked.
For the sake of simplicity, FIG. 3 shows one recording
medium layer 121. Each recording medium layer 121
includes a recording medium 122 and a plurality of (in the
example shown in FIG. 3, three) spin-wave lines 123. The
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plurality of spin-wave lines 123 are arranged parallel with
each other and opposite the lower surface of the recording
medium 122.

In this embodiment, the spin-wave lines 123 are made of a
metal ferromagnetic material such as Ni, Co, Fe, or an alloy
containing at least one of Ni, Co, and Fe. Spin torque oscil-
lator portions 301 to generate spin waves are provided at parts
of the spin-wave lines 123. The spin-wave lines 123 are
electrically connected to a transmission line 302 via the spin
torque oscillator portions 301.

Also, the spin-wave lines 123 are connected to a spin-wave
line driver/sinker 303 via transistors T1, T2, and T3. The
driver/sinker 303 controls an electric current I to be supplied
to the spin-wave lines 123. The driver/sinker 303 functions as
a part of a recording controller. In a write operation, the
spin-wave line 123 is selected by the operations of these
transistors. In this embodiment, the recording medium layer
121 includes the recording medium 122, the spin-wave lines
123, the spin torque oscillator portions 301, the transmission
line 302, and the transistors T1, T2, and T3.

FIG. 4A is a sectional view showing the first structure
example of the spin torque oscillator portion 301, which is
one of the spin torque oscillator portions 301. The spin torque
oscillator portion 301 shown in FIG. 4A is formed by a part of
the spin-wave line 123, a spacer layer 402, and a polarizer
layer 401. The transmission line 302 is connected to the
polarizer layer 401. When the transistor of a given spin-wave
line 123 is turned on, the direct current I flows through the
spin torque oscillator portion 301 of the spin-wave line 123.
Inthe example shown in FIG. 3, the transistor T1 is turned on.
More specifically, the direct current I flows through the spin-
wave line 123, the spin torque oscillator portion 301, and the
transmission line 302. The electrons’ spins in the direct cur-
rent [ are polarized when passing through the polarizer layer
401. Consequently, magnetization dynamics is excited by
spin torque mainly in a portion of the spin-wave line 123,
which is immediately below the spacer layer 402, and a spin
wave propagates in the spin-wave line 123. In a write opera-
tion, the microwave assisting effect appears in a portion 132
where an oscillating magnetic field 127 from the spin wave
thus excited and an oscillating magnetic field 117 from the
spin torque oscillator 110 superpose each other, and local
write is performed to medium magnetization in the recording
medium 122. The recording medium layer 121 and the spin-
wave line 123 to be operated in the recording medium layer
121 are selected by the transistors, and a write target portion
of the recording medium 122 is selected by the spin torque
oscillator 110. In other words, a target recording bit is deter-
mined by a transistor to be turned on and the position of the
spin torque oscillator 110.

FIG. 4B is a sectional view showing the second structure
example of the spin torque oscillator portion 301. The spin
torque oscillator portion 301 shown in FIG. 4B is formed by
anoscillation layer 403 stacked on a part of the spin-wave line
123, a spacer layer 402 stacked on the oscillation layer 403,
and a polarizer layer 401 stacked on the spacer layer 402. The
transmission line 302 is connected to the polarizer layer 401.
When the transistor (in the example shown in FIG. 3, the
transistor T1) of a given spin-wave line 123 is turned on, the
direct current I flows through the spin torque oscillator por-
tion 301 of the spin-wave line 123. The electrons’ spins in the
direct current [ are polarized when passing through the polar-
izer layer 401. Consequently, magnetization in the oscillation
layer 403 oscillates due to the spin transfer effect between the
oscillation layer 403 and the polarizer layer 401. This oscil-
lation of the magnetization in the oscillation layer 403 gen-
erates an oscillating magnetic field 404, and the oscillating
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magnetic field 404 from the oscillation layer 403 acts on the
spin-wave line 123. The oscillating magnetic field 404 excites
a spin wave mainly in a portion of the spin-wave line 123,
which is immediately below the oscillation layer 403, and this
spin wave propagates in the spin-wave line 123. In a write
operation, the microwave assisting effect appears in a portion
132 where an oscillating magnetic field 127 from the spin
wave thus excited and an oscillating magnetic field 117 from
the spin torque oscillator 110 superpose each other, and local
write is performed to medium magnetization in the recording
medium 122. The recording medium layer 121 and the spin-
wave line 123 to be operated in the recording medium layer
121 are selected by the transistors, and a write target portion
of the recording medium 122 is selected by the spin torque
oscillator 110.

As described above, in the magnetic recording apparatus
according to the second embodiment, the spin torque oscilla-
tor portion is provided at a part of the spin-wave line made of
a metal ferromagnetic material. This makes it possible to
excite a spin wave in the spin-wave line, and generate an
oscillating magnetic field from the spin-wave line.

Third Embodiment

In the third embodiment, another example of the method of
exciting a spin wave in a spin-wave line will be explained.

FIG. 5 schematically shows a magnetic recording appara-
tus 500 according to the third embodiment. As shown in FIG.
5, the magnetic recording apparatus 500 includes a spin
torque oscillator 110, and a recording medium unit 120 in
which one or more recording medium layers 121 are stacked.
For the sake of simplicity, FIG. 5 shows one recording
medium layer 121. Each recording medium layer 121
includes a recording medium 122 and a plurality of spin-wave
lines 123, and the plurality of spin-wave lines 123 are
arranged parallel with each other and opposite the lower
surface of the recording medium 122.

In this embodiment, the spin-wave lines 123 are made of a
metal ferromagnetic material such as Ni, Co, Fe, or an alloy
containing at least one of Ni, Co, and Fe. A transmission line
(also referred to as a spin-wave generating line) 502 is pro-
vided on parts of the spin-wave lines 123 with an insulating
layer 503 interposed between them. FIG. 5 shows an example
in which the transmission line 502 is an asymmetric coplanar
waveguide line often used in academic experiments on the
propagation of a spin wave. The transmission line 502 is
connected to a spin-transmission line driver/sinker 501 via a
transistor T. The driver/sinker 501 controls an electric current
to be supplied to the transmission line 502. The driver/sinker
501 functions as a part of a recording controller. In this
embodiment, the recording medium 122, the spin-wave lines
123, the insulating layer 503, the transmission line 502, and
the transistor T form the recording medium layer 121.

In a write operation, an electric current flows through the
transmission line 502 when the transistor T is turned on, and
the transmission line 502 generates a pulse magnetic field 504
corresponding to the ON duration. The pulse magnetic field
504 excites spin waves in all the spin-wave lines 123 con-
nected to the transmission line 502 via the insulating layer
503, and the spin waves propagate in the spin-wave lines 123.
The microwave assisting effect appears in a portion 132
where an oscillating magnetic field 127 from the spin wave
thus excited and an oscillating magnetic field 117 from the
spin torque oscillator 110 superpose each other, and local
write is performed to medium magnetization in the recording
medium 122. The recording medium layer 121 and the spin-
wave lines 123 to be operated in the recording medium layer
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121 are selected by the transistor, and a write target portion of
the recording medium 122 is selected by the spin torque
oscillator 110.

As described above, in the magnetic recording apparatus
according to the third embodiment, the transmission line
(spin-wave generating line) is provided on parts of the spin-
wave lines made of a metal ferromagnetic material with the
insulating layer interposed between them. When an electric
current is supplied to the transmission line, the transmission
line generates a magnetic field, and this magnetic field excites
spin waves in the spin-wave lines. Accordingly, the spin-wave
lines can generate oscillating magnetic fields. Since the com-
mon transmission line is provided for the plurality of spin-
wave lines, the number of switches (transistors) for spin-wave
generation can be reduced.

Fourth Embodiment

In the fourth embodiment, still another example of the
method of exciting a spin wave in a spin-wave line will be
explained.

FIG. 6 schematically shows a magnetic recording appara-
tus 600 according to the fourth embodiment. As shown in
FIG. 6, the magnetic recording apparatus 600 includes a spin
torque oscillator 110, and a recording medium unit 120 in
which one or more recording medium layers 121 are stacked.
For the sake of simplicity, FIG. 6 shows one recording
medium layer 121. In each recording medium layer 121, a
plurality of spin-wave lines 123 are arranged parallel with
each other and opposite the lower surface of a recording
medium 122.

In this embodiment, the spin-wave lines 123 are made of a
magnetic insulating material represented by RIG (Rare-earth
Iron Garnet) such as YIG (Yttrium Iron Garnet). A spin-wave
generating electrode 602 is provided on parts of the spin-
wave lines 123. The spin-wave generating electrode 602 is
connected to an electrode driver/sinker 601 via a transistor T.
The driver/sinker 601 controls an electric current to be sup-
plied to the spin-wave generating electrode 602. The driver/
sinker 601 functions as a part of a recording controller. In this
embodiment, the recording medium 122, the spin-wave lines
123, the spin-wave generating electrode 602, and the transis-
tor T form the recording medium layer 121. Note that the
spin-wave generating electrode 602 is not limited to a linear
electrode as shown in FIG. 6, and may be an electrode having
another shape, e.g., an asymmetric coplanar waveguide elec-
trode.

In a write operation, the transistor T is turned on, and the
spin-wave generating electrode 602 generates a pulse mag-
netic field corresponding to the ON duration. This pulse mag-
netic field excites spin waves in all the spin-wave lines 123 in
contact with the spin-wave generating electrode 602, and the
spin waves propagate in the spin-wave lines 123. When using
a metal having a large spin orbit interaction such as Pt (plati-
num) as the material of the spin-wave generating electrode
602, the spin Hall effect occurs when an electric current is
supplied, and a pure spin current arises perpendicularly to the
electric current in the electrode 602. This pure spin current
induces the precession of magnetization in the spin-wave line
123 due to the spin transfer effect. Consequently, a spin wave
is excited in the spin-wave line 123 and propagates in it. The
microwave assisting effect appears in a portion 132 where an
oscillating magnetic field 127 from the spin wave thus excited
and an oscillating magnetic field 117 from the spin torque
oscillator 110 superpose each other, and local write is per-
formed to medium magnetization in the recording medium
122. The recording medium layer 121 and the spin-wave line
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123 to be operated in the recording medium layer 121 are
selected by the transistor, and a write target portion of the
recording medium 122 is selected by the spin torque oscilla-
tor 110.

As described above, in the magnetic recording apparatus
according to the fourth embodiment, the electrode is provided
on parts of the spin-wave lines made of a magnetic insulating
material. When an electric current is supplied to the electrode,
a spin wave is excited in the spin-wave line. Accordingly, the
spin-wave line can generate an oscillating magnetic field.
Since the spin-wave line is made of an insulating material, an
insulator for electrically isolating the recording medium and
spin-wave line is not always necessary. This makes it possible
to simplify the layer structure of the recording medium layer.

Fifth Embodiment

In the fitth and sixth embodiments, a write magnetic field
source for generating a write magnetic field will be explained.
In the fifth embodiment, an example in which a spin-wave
line functions as both an oscillating magnetic field source and
write magnetic field source will be explained.

FIG. 7 schematically shows a magnetic recording appara-
tus 700 according to the first example of the fifth embodi-
ment. The magnetic recording apparatus 700 shown in FIG. 7
has the same arrangement as that of the magnetic recording
apparatus 300 (FIG. 3) explained in the second embodiment,
s0 a repetitive explanation of the second embodiment will be
omitted.

Spin-wave lines 123 of the magnetic recording apparatus
700 are made of a metal ferromagnetic material such as Ni,
Co, Fe, or an alloy containing at least one of Ni, Co, and Fe.
When a direct current I is supplied to each spin-wave line 123,
a current magnetic field 701 following from the Biot-Savart
law is generated around the spin-wave line 123. The gener-
ated current magnetic field 701 acts on a recording medium
122. In the magnetic recording apparatus 700, the current
magnetic field 701 is used as a write magnetic field (the write
magnetic field 130 shown in, e.g., FIG. 1). The direction of the
current magnetic field 701 can be controlled by the direction
of the direct current I.

In a write operation, a transistor of a given spin-wave line
123 is turned on. FIG. 7 shows a state in which a transistor T1
is turned on. Consequently, the direct current I flows through
a spin torque oscillator portion 301 of the spin-wave line 123,
and a spin wave is excited in the spin-wave line 123 as
described previously. In addition, the direct current I gener-
ates the current magnetic field 701, and the current magnetic
field 701 acts as a write magnetic field on the recording
medium 122. Thatis, an oscillating magnetic field 127 and the
current magnetic field 701, which are generated by the spin-
wave line 123, act on the recording medium 122. When an
oscillating magnetic field 117 from a spin torque oscillator
110 acts on the recording medium 122 in this state, a portion
132 where the oscillating magnetic fields 117 and 127 super-
pose each other forms, and the microwave assisting effect
locally appears in the portion 132, thereby writing data to a
recording bit in the recording medium 122.

FIG. 8 schematically shows a magnetic recording appara-
tus 800 according to the second example of the fifth embodi-
ment. In FIG. 8, the same reference numerals as in FIG. 5
denote the same parts and the same portions, and an explana-
tion thereof will be omitted.

In the magnetic recording apparatus 800 shown in FIG. 8,
apower supply and a switch for supplying the electric current
I are provided at the end part of the spin-wave line 123. A
spin-wave line driver/sinker 802 controls the magnitude of
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the electric current 1. The driver/sinker 802 functions as a part
of a recording controller. When a transistor (e.g., the transis-
tor T1) is turned on, the electric current I flows through a
corresponding spin-wave line 123, and a current magnetic
field 801 following from the Biot-Savart law is generated
around the spin-wave line 123. The current magnetic field 801
acts on the recording medium 122. In the magnetic recording
apparatus 800, the current magnetic field 801 is used as a
write magnetic field.

In a write operation, the spin torque oscillator 110 and a
spin-wave line 123 are operated, and the transistor (e.g., the
transistor T1) of the spin-wave line 123 corresponding to a
target recording bit is operated, i.e., turned on. Consequently,
the oscillating magnetic field 117 from the spin torque oscil-
lator 110, the oscillating magnetic field 127 from the spin-
wave line 123, and the current magnetic field 801 as a write
magnetic field simultaneously act on the portion 132 of the
recording medium 122, and microwave assisted recording is
locally performed on the recording bit positioned in the por-
tion 132.

As described above, in the magnetic recording apparatus
according to the fifth embodiment, the current magnetic field
generated by supplying an electric current to the spin-wave
line can be used as a write magnetic field. This obviates the
need to additionally form a write magnetic field source.

Sixth Embodiment

In the sixth embodiment, an example in which a write
magnetic field source is prepared as a separate element will be
explained.

FIG. 9 schematically shows a magnetic recording appara-
tus 900 according to the sixth embodiment. As shown in FI1G.
9, the magnetic recording apparatus 900 includes a spin
torque oscillator 110, a recording medium unit 120, a polar-
ity-variable magnet 901 corresponding to a write magnetic
field source, and a controller 902 for controlling the polarity
of'the magnet 901. The controller 902 functions as a part of a
recording controller. The recording medium unit 120 includes
one or more recording medium layers 121, and each record-
ing medium layer 121 includes a recording medium 122 and
aplurality of spin-wave lines 123 arranged opposite the lower
surface of the recording medium 122. The structure including
the spin torque oscillator 110 and recording medium unit 120
is arranged under a magnetic field 903 generated by the mag-
net 901. That is, the magnetic field 903 from the magnet 901
acts on the whole recording medium 122. The magnetic field
903 is used as a write magnetic field.

The controller 902 controls the polarity of the magnet 901
s0 as to generate the magnetic field 903 in a direction corre-
sponding to data to be written. The recording medium 122 of
this embodiment is a perpendicular magnetic recording
medium. When reversing the direction of medium magneti-
zation from downward to upward (e.g., when writing data
“0”), the controller 902 controls the polarity of the magnet
901 so that the direction of the magnetic field 903 is upward.
On the other hand, when reversing the medium magnetization
direction from upward to downward (e.g., when writing data
“17), the controller 902 controls the polarity of the magnet
901 so that the direction of the magnetic field 903 is down-
ward. The operation of the controller 902 is synchronized
with a driver for operating the spin torque oscillator 110 (e.g.,
the spin torque oscillator driver 140 shown in FIG. 1) and a
driver for operating the spin-wave lines 123 (e.g., the spin-
wave line driver/sinker 303 shown in FIG. 3).

When writing data to the recording medium 122 (e.g., a
recording medium 122B) in the magnetic recording apparatus
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900, the spin torque oscillator 110 and the corresponding
spin-wave line 123 (e.g., a spin-wave line 123B) are operated
while the magnetic field 903 generated by the magnet 901 is
applied. When the spin torque oscillator 110 is operated, an
oscillating magnetic field 117 is generated near the spin
torque oscillator 110. When the spin-wave line 123B is oper-
ated, an oscillating magnetic field 127 is generated near the
spin-wave line 123B. In the recording medium 122, the
microwave assisted recording technique is applied to medium
magnetization positioned in a portion 132 where the oscillat-
ing magnetic fields 117 and 127 superpose each other. In the
portion 132 where the oscillating magnetic fields 117 and 127
superpose each other, an oscillating magnetic field stronger
than those in other portions is applied, and the oscillating
magnetic fields 117 and 127 assist the reversal of medium
magnetization by the magnetic field 903.

Note that the magnetic field 903 from the magnet 901
globally acts on the recording medium 122, so the apparatus
can also be designed to globally erase recorded data by using
the magnetic field 903 from the magnet 901. In this case, two
levels, i.e., levels 1 and 2 are prepared as the magnitude of the
magnetic field 903 generated from the magnet 901. Level 1
indicates the magnitude of the magnetic field 903 when it is
used as a write magnetic field, level 2 indicates the magnitude
of the magnetic field 903 when it is used in global erase, and
level 1 is smaller than level 2. That is, the magnitude of a
magnetic field on level 1 cannot reverse the medium magne-
tization in the recording medium 122 without the microwave
assisting effect, and the magnitude of a magnetic field on level
2 can reverse the medium magnetization in the recording
medium 122 without the microwave assisting effect.

Next, practical examples of the polarity-variable magnet
901 shown in FIG. 9 will be explained.

FIG. 10 schematically shows a magnetic recording appa-
ratus 1000 according to the first example of the sixth embodi-
ment. As shown in FIG. 10, the magnetic recording apparatus
1000 includes a spin torque oscillator 110, a recording
medium unit 120, a multiferroics material film 1001, a pair of
electric field generating films 1002, a soft magnetic material
film 1003, and an electric field controller 1004. In the first
example, the multiferroics material film 1001, the pair of
electric field generating films 1002, and the soft magnetic
material film 1003 implement a polarity-variable magnet.

The multiferroics material film 1001 is provided between
the pair of electric field generating films 1002, and the pair of
electric field generating films 1002 generate an electric field
to be applied to the multiferroics material film 1001. The
electric field controller 1004 controls the electric field to be
applied to the multiferroics material film 1001. The structure
including the spin torque oscillator 110 and recording
medium unit 120 is arranged between the multiferroics mate-
rial film 1001 and the soft magnetic material film 1003.

A multiferroics material is a material having both ferro-
magnetism and ferroelectricity. For example, dysprosium ter-
bium ferrite is known as an insulating oxide magnet whose
polarity can be changed by applying an electric field. The
multiferroics material film 1001 is made of the multiferroics
material. When an electric field is applied to the multiferroics
material film 1001, a magnetic moment M of the multiferroics
material film 1001 changes. The soft magnetic material film
1003 is made of a material having a large magnetic perme-
ability such as permalloy, and achieves the same function as
that of an SUL (Soft magnetic Under Layer) adopted in the
perpendicular magnetic recording method of an HDD. In this
example, the soft magnetic material film 1003 so functions as
to strongly draw in lines of magnetic force generated by the
magnetic moment M of the multiferroics material film 1001.
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This facilitates applying a magnetic field 1005 to the structure
including the spin torque oscillator 110 and recording
medium unit 120.

In the example shown in FIG. 10, the recording medium
122 is a perpendicular magnetic recording medium. When
reversing the direction of medium magnetization from down-
ward to upward, the electric field controller 1004 controls the
electric field generated by the electric field generating films
1002 such that the direction of the magnetic moment M of the
multiferroics material film 1001 is upward (accordingly, the
direction of the magnetic field 1005 generated by the mag-
netic moment M is upward). Also, when reversing the direc-
tion of medium magnetization from upward to downward, the
electric field controller 1004 controls the electric field gener-
ated by the electric field generating films 1002 such that the
direction of the magnetic moment M of the multiferroics
material film 1001 is downward (accordingly, the direction of
the magnetic field 1005 generated by the magnetic moment M
is downward). The operation of the electric field controller
1004 is synchronized with a driver for operating the spin
torque oscillator 110 and a driver for operating the spin-wave
lines 123.

FIG. 11 schematically shows a magnetic recording appa-
ratus 1100 according to the second example of this embodi-
ment. As shown in FIG. 11, the magnetic recording apparatus
1100 includes a spin torque oscillator 110, a recording
medium unit 120, packages 1104 in which a plurality of
magnetic particles 1101 flow in a medium, a pair of electrodes
1103, and an electric field controller 1102. In the second
example, the packages 1104 in which the plurality of mag-
netic particles 1101 flow in the medium and the pair of elec-
trodes 1103 implement a polarity-variable magnet.

The structure including the spin torque oscillator 110 and
recording medium unit 120 is arranged between the packages
1104. The electric field controller 1102 controls a voltage to
be applied to the pair of electrodes 1103. The pair of elec-
trodes 1103 function as a parallel-plate capacitor, and apply
an electric field to the space sandwiched between the elec-
trodes 1103. The magnetic particles 1101 have a magnetic
moment M and electric polarization P, and flow in accordance
with the direction of the electric field from the pair of elec-
trodes 1103. Consequently, the magnetic moments of the
plurality of magnetic particles 1101 are arranged in the same
direction, and a magnetic field 1105 generated from the plu-
rality of magnetic particles 1101 having the same magnetic
moment direction acts on the structure including the spin
torque oscillator 110 and recording medium unit 120. The
direction of the magnetic field 1105 can be changed by the
direction of the electric field generated by the electrodes
1103.

The operation of the electric field controller 1102 is syn-
chronized with a driver for operating the spin torque oscillator
110 and a driver for operating spin-wave lines 123. In a write
operation, therefore, the microwave assisting effect locally
acts on a recording medium 122.

FIG. 12 schematically shows a magnetic recording appa-
ratus 1200 according to the third example of the sixth embodi-
ment. As shown in FIG. 12, the magnetic recording apparatus
1200 includes a spin torque oscillator 110, a recording
medium unit 120, and a pair of semicylindrical magnets 1201.
In the third example, the pair of semicylindrical magnets
1201 implement a polarity-variable magnet.

The semicylindrical magnets 1201 are rotated in the direc-
tion of an arrow R shown in FIG. 12 by a rotating mechanism
(not shown). A rotation driver (not shown) drives this rotating
mechanism. The rotation of the semicylindrical magnets
1201 changes the direction of a magnetic field 1202 which
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acts on the structure including the spin torque oscillator 110
and recording medium unit 120.

In the example shown in FIG. 12, a recording medium 122
is a perpendicular magnetic recording medium. When revis-
ing the direction of medium magnetization from upward to
downward, the rotation driver is operated at the write timing
s0 as to arrange the semicylindrical magnets 1201 such that
the direction of the write magnetic field 1202 is downward, as
shown in FIG. 12. When reversing the direction of medium
magnetization from downward to upward, the rotation driver
is operated at the write timing so as to rotate the semicylin-
drical magnets 1201 through 180° from the arrangement
shown in FIG. 12 so that the write magnetic field 1202 acts
upward.

The operation of the rotation driver is synchronized with a
driver for operating the spin torque oscillator 110 and a driver
for operating spin-wave lines 123. Consequently, the micro-
wave assisting effect locally acts on the recording medium
122 in a write operation.

As described above, the magnetic recording apparatus
according to the sixth embodiment includes the polarity-
variable magnet as a write magnetic field source, and the
structure including the spin torque oscillator and recording
medium unit is arranged under the magnetic field from the
polarity-variable magnet. Accordingly, the write magnetic
field can be applied to the recording medium.

Note that an aspect in which the write magnetic field source
is prepared as a separate element is not limited to the
examples described above with reference to FIGS. 9 to 12. It
is, of course, also possible to use a recording head developed
in the HDD microwave assisted recording technique using a
so-called spin torque oscillator, as the write magnetic field
source.

FIG. 13 schematically shows a recording head 1300
mounted in a magnetic recording apparatus using the micro-
wave assisted recording technique. As shown in FIG. 13, the
recording head 1300 includes a main magnetic pole 1301, a
return magnetic pole 1302, and a spin torque oscillator 110
arranged near the main magnetic pole 1301. The recording
head 1300 is arranged opposite the recording medium unit
120. The main magnetic pole 1301 generates a write magnetic
field to a recording medium unit 120. The return magnetic
field 1302 returns the write magnetic field from the recording
medium unit 120 to the main magnetic pole 1301.

The spin torque oscillator 110 includes a magnetic multi-
layer film 115 including a first magnetic layer 111, a spacer
layer 112, and a second magnetic layer 113, and a pair of
electrodes 1311 and 1312 for supplying an electric current to
the magnetic multilayer film 115. As described above, the
spin torque oscillator 110 generates an oscillating magnetic
field when a direct current is supplied to the magnetic multi-
layer film 115 via the electrodes 1311 and 1312. The spin
torque oscillator 110 is arranged between the main magnetic
pole 1301 and the return magnetic pole 1302. In the example
shown in FIG. 13, the spin torque oscillator 110 is arranged
such that the film plane of the magnetic multilayer film 115
are perpendicular to a direction from the main magnetic pole
1301 to the return magnetic pole 1302.

A portion of the main magnetic pole 1301 and a portion of
the return magnetic pole 1302 are magnetically joined. A coil
1303 is provided on this magnetic junction between the main
magnetic pole 1301 and return magnetic pole 1302. When an
electric current I, flows through the coil 1303, the main mag-
netic pole 1301 generates a write magnetic field. Thus, the
write magnetic field source may also be implemented as it is
mounted in a recording head.
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Seventh Embodiment

In the seventh embodiment, an example in which a plural-
ity of spin torque oscillators corresponding to oscillating
magnetic field sources are formed will be explained.

FIG. 14 schematically shows a magnetic recording appa-
ratus 1400 according to the seventh embodiment. As shown in
FIG. 14, the magnetic recording apparatus 1400 includes a
plurality of spin torque oscillators 110 and a recording
medium unit 120. The plurality of spin torque oscillators 110
are arranged in an array so as to oppose the recording medium
unit 120. The recording medium unit 120 includes one or
more recording medium layers 121 which are stacked. In each
recording medium layer 121, a plurality of spin-wave lines
123 are arranged parallel with each other and opposite the
lower surface of a recording medium 122. In the example
shown in FIG. 14, the recording medium unit 120 includes
four recording medium layers 121A, 121B, 121C, and 121D.
The recording medium layer 121A includes a recording
medium 122A and spin-wave lines 123A-W1 to 123A-W3,
the recording medium layer 121B includes a recording
medium 122B and spin-wave lines 123B-W1 to 123B-W3,
the recording medium layer 121C includes a recording
medium 122C and spin-wave lines 123C-W1 to 123C-W3,
and the recording medium layer 121D includes a recording
medium 122D and spin-wave lines 123D-W1 to 123D-W3.

Each spin torque oscillator 110 is formed by a first mag-
netic layer 111, a spacer layer 112, and a second magnetic
layer 113. The first magnetic layer 111 may be provided for
each of the spin torque oscillators 110 or may be shared by the
spin torque oscillators 110. The shape of the spin torque
oscillator corresponds to a shape called a pillar shape in the
former case, and a shape called a half-patterned shape in the
latter case. In the example shown in FIG. 14, the first mag-
netic layer 111 is shared by the spin torque oscillators 110.

In the example shown in FIG. 14, fifteen spin torque oscil-
lators 110 are arranged in three rows and five columns. In this
arrangement, three electrodes 119 (e.g., electrodes 119-W1to
119-W3) extending in the row direction are provided, five
electrodes 118 (e.g., electrodes 118-B1 to 118-B5) extending
in the column direction perpendicular to the row direction are
provided, and the spin torque oscillators 110 are arranged
between the electrodes 118 and 119. The electrodes 119-W1
to 119-w3 are connected to a word line driver/sinker 1402 via
word lines W1 to W3. The electrodes 118-B1 to 118-B5 are
connected to a bit line driver/sinker 1401 via bit lines B1 to
B5. The drivers/sinkers 1401 and 1402 control currents flow-
ing in the respective spin torque oscillators 110. The drivers/
sinkers 1401 and 1402 function as parts of a recording con-
troller. In this embodiment, terms “word” and “bit” are used
as labels in accordance with terms used in the magnetic ran-
dom access memory (MRAM) technology.

When operating one spin torque oscillator 110, one bit line
and one word line corresponding to the spin torque oscillator
are selected, and an electric current is supplied to the spin
torque oscillator through the selected bit line and word line.
FIG. 14 shows an example in which an electric current is
supplied to the spin torque oscillator 110 through the bit line
B4 and word line W1. In this example, the electric current
flows through a path including the bit line B4, the electrode
118-B4, the first magnetic layer 111, the spacer layer 112, the
second magnetic layer 113, electrode 119-W1, and word line
W1. When the first magnetic layer 111 oscillates by this
current supply, the recording medium 122 is irradiated with
an oscillating magnetic field 117 generated by the spin torque
oscillator 110. In a write operation, the spin-wave line 123
(e.g., the spin-wave line 123B-W1) is operated together with
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the spin torque oscillator 110. Consequently, a write magnetic
field 130 reverses medium magnetization positioned in a por-
tion 132 where the oscillating magnetic field 117 from the
spin torque oscillator 110 and an oscillating magnetic field
127 from the spin-wave line 123 superpose each other.

As a method of operating the spin-wave line 123 in this
embodiment, the same methods as those explained in the
second, third, and fourth embodiments can be used. An
example of the method of operating the spin-wave line 123
will briefly be explained below. As for a detailed explanation,
see the descriptions in the second, third, and fourth embodi-
ments.

Inthis example, as shown in FIG. 3, a spin torque oscillator
portion 301 is provided at a part of each spin-wave line 123.
In this case, the spin-wave line 123 is made of a metal ferro-
magnetic material. When a direct current is supplied to the
spin-wave line 123 and the spin torque oscillator portion 301,
a spin wave is generated in the spin-wave line 123, so the
spin-wave line 123 generates the oscillating magnetic field
127. The arrangement of the spin torque oscillator portion
301 can be structured as shown in FIGS. 4A and 4B.

In another example, as shown in FIG. 5, a transmission line
502 is provided via an insulating layer 503 on parts of the
spin-wave lines 123 in each recording medium layer 121. In
this case, the spin-wave lines 123 are made of a metal ferro-
magnetic material. When an electric current is supplied to the
transmission line 502, the transmission line 502 generates a
pulse magnetic field corresponding to the current supply
duration, and this pulse magnetic field excites spin waves in
all the spin-wave lines 123 connected to the transmission line
502 via the insulating layer 503. As a consequence, the spin-
wave lines 123 generate the oscillating magnetic fields 127.

In still another example, as shown in FIG. 6, a spin-wave
generating electrode 602 is provided on parts of the spin-
wave lines 123 in each recording medium layer 121. In this
case, the spin-wave lines 123 are made of a magnetic insulat-
ing material. When an electric current is supplied to the spin-
wave generating electrode 602, the spin-wave generating
electrode 602 generates a pulse magnetic field corresponding
to the current supply duration, and this pulse magnetic field
excites spin waves in all the spin-wave lines 123 connected to
the spin-wave generating electrode 602. As a consequence,
the spin-wave lines 123 generate the oscillating magnetic
fields 127.

Also, as amethod of applying the write magnetic field 130,
the same methods as those explained in the fifth and sixth
embodiments can be used. The method of applying the write
magnetic field 130 will briefly be explained below. As for a
detailed explanation, see the descriptions in the fifth and sixth
embodiments.

In one example, the spin-wave line 123 functions as a write
magnetic field source. In this case, the spin-wave line 123 is
made of a metal ferromagnetic material. When a direct cur-
rent is supplied to the spin-wave line 123, a current magnetic
field following from the Biot-Savart law is generated around
the spin-wave line 123. This current magnetic field is used as
the write magnetic field. The direction of the current magnetic
field can be controlled by the direction of the direct current.

In another example, as shown in FIG. 9, a polarity-variable
magnet 901 implements the write magnetic field source. In
this case, the structure including the spin torque oscillator 110
and recording medium unit 120 is arranged under a magnetic
field generated by the magnet 901. The magnetic field from
the magnet 901 acts on the whole recording medium 122. The
magnetic field from the magnet 901 is used as the write
magnetic field.
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In still another example, as shown in FIG. 13, a main
magnetic pole 1301 mounted in a recording head according to
the HDD microwave assisted recording technique using a
spin torque oscillator implements the write magnetic field
source. In the recording head, the main magnetic pole 1301 is
juxtaposed with the spin torque oscillator 110.

In this embodiment, a recording medium as a write target is
determined by selecting the spin-wave line 123, and a write
position in the recording medium is determined by selecting
the word line and the bit line. In this embodiment, the plural-
ity of spin torque oscillators obviate the need for a movable
portion such as an actuator in the conventional HDD. Accord-
ingly, a solid-state magnetic recording apparatus having a
high anti-shock property is obtained.

Eighth Embodiment

In the eighth embodiment, a method of reproducing data
from a recording medium will be explained by taking a prac-
tical example.

The first reproduction method will be explained with ref-
erence to FIG. 15. The first reproduction method uses a mag-
netic resonance phenomenon, and reads magnetic data
recorded in a recording bit 1501 of a recording medium 122
by using a spin torque oscillator 110 as amagnetic sensor. The
recording media 122 have different magnetic resonance fre-
quencies from each other. For example, the magnetization of
a recording bit 1501A in a recording medium 122A has a
magnetic resonance frequency f,, the magnetization of a
recording bit 1501B in a recording medium 122B has a mag-
netic resonance frequency fz, and the magnetization of a
recording bit 1501C in a recording medium 122C has a mag-
netic resonance frequency f.. In the example, the magnetic
resonance frequencies are so set as to decrease toward the
recording medium 122 closest to the spin torque oscillator
110. That is, f,<fz<f..

An operation of reading magnetic data recorded in the
recording bit 1501B ofthe recording medium 122B as shown
in FIG. 15 will be explained. When reproducing magnetic
data, magnetization 114 of a first layer 111 is oscillated by
supplying an electric current to the spin torque oscillator 110.
When reproducing data from the recording bit 1501B, the
oscillation frequency of the spin torque oscillator 110 is set at
f in order to set the frequency of an oscillating magnetic field
117 generated by the spin torque oscillator 110 at f;. The
oscillation frequency of the spin torque oscillator 110 is con-
trolled by, e.g., the magnitude of an electric current. The
recording medium 122 from which recorded data is to be
reproduced is selected by setting the oscillation frequency of
the spin torque oscillator 110.

When the oscillating magnetic field 117 having the fre-
quency fj; from the spin torque oscillator 110 is applied, the
magnetization of the recording bit 1501B excites by reso-
nance. Accordingly, energy is partially transferred from the
spin torque oscillator 110 to the recording bit 1501B. More
specifically, in magnetic resonance, the magnetization of the
recording bit 1501B absorbs the energy of the oscillating
magnetic field 117, and the spin torque oscillator 110 loses
energy due to the resonance absorption by the magnetic bit
1501B. Consequently, the oscillation amplitude (output volt-
age) of the spin torque oscillator 110 changes. Magnetic data
is reproduced by detecting this change in oscillation ampli-
tude. Since the oscillating magnetic field 117 from the spin
torque oscillator 110 has deflection, the magnitude of the
resonance excitation changes in accordance with whether the
data recorded in the recording bit 1501B is “0” or “1”. This is
so because if the magnetization direction in the recording bit
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1501B changes, deflection for the magnetization generally
changes to a greater or lesser extent. The difference between
the resonance excitation magnitudes corresponding to bits
“0” and “1” appears as a change in oscillation amplitude of
the spin torque oscillator 110. “0” or “1” is reproduced by
detecting this change.

Note that in order to increase the difference between the
resonance absorption magnitudes produced by the difference
between the medium magnetization directions, it is also pos-
sible to operate the write magnetic field source explained in
the fifth or sixth embodiment, and apply a magnetic field for
shifting the magnetic resonance frequency of a bit to the
recording medium unit 120 in a write operation. For example,
under an upward magnetic field having a magnitude H, a
frequency difference of (y/27)x2H simply appears between
the resonance frequency of upward medium magnetization
and that of downward medium magnetization. v is a gyromag-
netic ratio. As the frequency difference increases, it becomes
easier to distinguish between bits “0” and “1”, and the S/N
ratio of reproduction increases. To best utilize the method of
shifting the magnetic resonance frequency of a bit, no signifi-
cant stray magnetic field desirably acts between the recording
magnetic layers 121 in order to avoid the interference of
magnetic resonance frequencies under the magnetic field of
each bit of each recording medium 122. For example, the
medium film of the recording medium 122 is formed by an
antiferromagnetically coupled film such as [CoPt],/Ru/
[CoPt],, so that stray magnetic fields from two ferromagnetic
layers ([CoPt],, ,,) cancel each other out. This makes it pos-
sible to prevent a significant stray magnetic field from acting
between the recording medium layers 121. Alternatively, it is
desirable to set a magnetic field having an appropriate mag-
nitude capable of avoiding interference, by taking account of
the magnetic resonance frequency unique to the recording
medium material.

Next, the second reproduction method will be explained
with reference to FIG. 16. The second reproduction method
reads magnetic data by detecting a stray magnetic field 1602
from the recording medium 122 by using the spin torque
oscillator 110.

The stray magnetic field 1602 from the recording medium
122 in the recording medium unit 120 acts on the spin torque
oscillator 110. The stray magnetic field 1602 mainly contains
magnetic fields from recording bits 1601A, 1601B, and
1601C positioned immediately below the spin torque oscil-
lator 110. The recording bits 1601A, 1601B, and 1601C are
recording bits of the recording media 122A, 122B, and 122C,
respectively. The magnitude of the stray magnetic field 1602
changes in accordance with a combination of the magnetiza-
tion directions of the recording bits 1601A, 1601B, and
1601C. In the example shown in FIG. 16, the magnetization
directions of the recording bits 1601 A, 1601B, and 1601C are
respectively downward, upward, and upward. Letting N be
the number of recording medium layers 121, the number of
combinations of the medium magnetization directions is 2
where N is a positive integer.

When the spin torque oscillator 110 is operated, the mag-
netoresistance effect between the magnetization of a first
magnetic layer 111 and that of a second magnetic layer 113
generates a high-frequency voltage between a pair of elec-
trodes for supplying an electric current to a magnetic multi-
layer film 115. The frequency of the high-frequency voltage
corresponds to the oscillation frequency (a few GHz to a few
ten GHz) of the spin torque oscillator 110. This high-fre-
quency voltage is output as an oscillation output. The oscil-
lation output is characterized by the amplitude and phase. The
oscillation output changes in accordance with a magnetic
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field environment in which the spin torque oscillator 110
exists. That is, the oscillation output depends on the magni-
tude of the stray magnetic field 1602 from the recording
medium unit 120. Accordingly, the magnitude of the stray
magnetic field 1602 can be measured by detecting the oscil-
lation output (at least one of the amplitude and phase). The
magnetization direction of a desired recording bit (e.g., the
recording bit 1601C) can be specified based on the measured
magnitude of the stray magnetic field 1602. Consequently,
data recorded in the desired recording bit can be reproduced.
Letting N be the number of recording medium layers 121, itis
possible to simply and effectively utilize the recording
resources of the recording medium unit 120 if the number of
levels for distinguishing between oscillation outputs is 2.

The third reproduction method will be explained with ref-
erence to FIG. 16. Like the second reproduction method, the
third reproduction method reads magnetic data by detecting
the stray magnetic field 1602 from the recording medium 122
by using the spin torque oscillator 110. The third reproduction
method differs from the second reproduction method in that
the spin torque oscillator 110 functions as a magnetoresis-
tance effect element.

In the third reproduction method, an electric current having
a current density equal to or lower than a threshold current
density for oscillating the spin torque oscillator 110 is sup-
plied to it. In this case, the operation of the spin torque
oscillator 110 is the same as that of a magnetoresistance effect
element such as a GMR element or TMR element. The resis-
tance of the spin torque oscillator 110 changes in accordance
with the stray magnetic field 1602 from the recording
medium 122. Accordingly, the stray magnetic field 1602 from
the recording medium 122 can be measured by detecting the
resistance change of the spin torque oscillator 110 as a mag-
netoresistance effect element. The magnetization direction of
a desired recording bit (e.g., the recording bit 1601C) can be
specified based on the measured magnitude of the stray mag-
netic field 1602. Consequently, data recorded in the desired
recording bit can be reproduced. Letting N be the number of
recording medium layers 121, it is possible to simply and
effectively utilize the recording resources of the recording
medium unit 120 if the number of levels for distinguishing
between resistance values is 2.

As described above, in the eighth embodiment, the spin
torque oscillator used as an assist source in a write operation
can also be used to reproduce magnetic data.

In the magnetic recording apparatus according to at least
one of the above-described embodiments, two kinds of oscil-
lating magnetic field sources, i.e., the spin torque oscillator
110 and spin-wave line 123 are provided. Accordingly, a
strong oscillating magnetic field capable of obtaining the
microwave assisting effect can be applied to a desired
medium magnetization.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:
1. A magnetic recording apparatus comprising:

a spin torque oscillator which generates a first oscillating
magnetic field;
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arecording medium unit comprising one or more recording
medium layers which are stacked, each of the one or
more recording medium layers including a recording
medium and a plurality of spin-wave lines which are
provided opposite the recording medium and each of
which generates a second oscillating magnetic field;

a write magnetic field source which generates a write mag-

netic field; and

a controller which drives the spin torque oscillator and at

least one of the plurality of spin-wave lines such that the
first oscillating magnetic field and the second oscillating
magnetic field are simultaneously applied to target
medium magnetization in the recording medium on
which data is to be recorded, to selectively reverse the
target medium magnetization with the write magnetic
field.

2. The apparatus according to claim 1, wherein the plurality
of spin-wave lines are made of a metal ferromagnetic mate-
rial, and a plurality of spin torque oscillator portions config-
ured to excite spin waves are provided at parts of the plurality
of spin-wave lines.

3. The apparatus according to claim 2, wherein the write
magnetic field is a current magnetic field generated by sup-
plying an electric current to at least one of the plurality of
spin-wave lines.

4. The apparatus according to claim 1, wherein the plurality
of spin-wave lines are made of a metal ferromagnetic mate-
rial, and a transmission line configured to generate a magnetic
field when an electric current is supplied is provided on parts
of' the plurality of spin-wave lines via an insulator.

5. The apparatus according to claim 4, wherein the write
magnetic field is a current magnetic field generated by sup-
plying an electric current to at least one of the plurality of
spin-wave lines.

6. The apparatus according to claim 1, wherein the plurality
of'spin-wave lines are made of a magnetic insulating material,
and an electrode configured to generate a magnetic field when
an electric current is supplied is provided on parts of the
plurality of spin-wave lines.

7. The apparatus according to claim 1, wherein the write
magnetic field source comprises a polarity-variable magnet,
and a structure including the spin torque oscillator and the
recording medium unit is arranged under the write magnetic
field.

8. The apparatus according to claim 1, wherein the write
magnetic field source comprises a main magnetic pole which
is provided near the spin torque oscillator and generates the
write magnetic field.

9. The apparatus according to claim 1, comprising a plu-
rality of spin torque oscillators arranged into an array to
oppose the recording medium unit.

10. The apparatus according to claim 1, wherein one or
more recording media of the one or more recording medium
layers have different magnetic resonance frequencies from
each other, and data recorded in the recording medium unit is
reproduced by selectively resonating a recording medium by
the first oscillating magnetic field.

11. The apparatus according to claim 1, wherein data
recorded in the recording medium unit is reproduced by
detecting a stray magnetic field from the recording medium
using the spin torque oscillator while the spin torque oscilla-
tor is oscillating.

12. The apparatus according to claim 1, wherein data
recorded in the recording medium unit is reproduced by
detecting a stray magnetic field from the recording medium
using the spin torque oscillator as a magnetoresistance effect
element without oscillating.
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